We have investigated the effect of magnetic field on microstructure formation through the disorder-order transformation in an Fe-55Pd (at%) alloy. The Curie temperature of the disordered phase is 740 K and that of the ordered phase is 670 K. When the ordering heat-treatment is made without applying magnetic field, three lattice corresponding variants of L1 0 -phase form equivalently. On the other hand, when the ordering heat-treatment is made under a magnetic field of 4 T and higher applied in the ½001 direction of the disordered phase, a single variant whose easy axis lies in the field direction is realized. Considering the present results obtained, we also suggest that magnetic field is especially effective at the early stage of ordering for the selective formation of preferable variant in Fe-Pd, as in Co-Pt previously studied [Scr. Mater. 58 (2008) 811].
Introduction
Control of microstructure through solid-solid phase transformation under magnetic field is a promising method to improve the properties and design new materials. In general, solid-solid phase transformations are classified into two groups from a viewpoint of atomic diffusion: diffusionless (martensitic) transformations and diffusional transformations. The characteristics of both diffusionless and diffusional transformations are known to be influenced by external fields such as magnetic field and pressure. In the case of the martensitic transformations, the effects of magnetic field on microstructure have been intensively studied. A well-known example is the rearrangement of martensite variants driven by magnetic field in ferromagnetic shape memory alloys. In these alloys the variant with the lowest magnetocrystalline anisotropy energy is selected to grow consuming others by twinning deformation, and the condition for realizing the rearrangement has been derived quantitatively. [1] [2] [3] [4] On the other hand, concerning diffusional transformations, the effect of magnetic field on microstructure has not been so clarified yet although many interesting results have been reported until now. [5] [6] [7] [8] [9] [10] Considering the effectiveness of magnetic field on selection of variants in ferromagnetic shape memory alloys, we can also expect a selective formation of a variant which is formed in a diffusive process in alloys with a large magnetocrystalline anisotropy. As for such materials, Co-Pt and FePd alloys can be a suitable system. The reason is as follows.
The disorder-order transformation in CoPt and FePd is one of the representative diffusional transformation in which the microstructure formation is expected to be influenced by magnetic field because of their large magnetocrystalline anisotropies. The structure change associated with this disorder-order transformation is from an A1-type (cubic) disordered structure to an L1 0 -type (tetragonal) ordered structure and the ordered phase has three lattice corresponding variants and is characterized by a high uniaxial magnetocrystalline anisotropy with an ''easy'' c-axis. 11, 12) The three variants of the ordered phase form equivalently when the ordering process is made under no magnetic field. However, under a magnetic field, there arises a difference in magnetic energy among the variants. Therefore, we can expect selective formation of the variant with the lowest magnetic energy under a magnetic field. In fact, such a selective formation of preferable variant during the disorder-order transformation under a magnetic field was firstly reported in Fe-50 at%Pd alloy, which transforms from an A1-type structure to an L1 0 -type structure, by Oshima et al. 13) and then by Tanaka et al. 14) They showed that the single variant with its easy axis aligned to the magnetic field is obtained if the ordering heat-treatment is made under a magnetic field. However, mechanism of the single variant formation is not well understood. In particular, the stage at which the magnetic field is effective is not clarified yet.
Recently, we have revealed in a Co-50 at%Pt alloy that a single variant of ordered L1 0 -phase can be obtained by applying magnetic field only in the early stage of ordering heat-treatment. 15) From the result, we can speculate that magnetic field is especially effective at the early stage of ordering, and that the selective growth of preferable variant after the initial stage is controlled essentially by other factors such as elastic interaction. If this speculation is appropriate, we can expect that single variant of L1 0 -type FePd is also obtained by applying magnetic field only in the early stage of ordering heat-treatment, considering the similarity of crystal structure and magnetic properties between CoPt and FePd. The present study is motivated to confirm this expectation.
In the present study, we selected an Fe-55 at%Pd alloy instead of an Fe-50 at%Pd alloy to obtain the single L1 0 -phase considering the phase diagram. 16) We will show that similar to Co-50 at%Pt alloy, preferential formation of an ordered variant is realized when the initial stage of ordering is made near the Curie temperature under magnetic field followed by the subsequent ordering treatment at an elevated temperature without magnetic field. This result suggests that magnetic field is effective at the early stage of ordering for the selective formation of preferable variant in L1 0 -type ferromagnetic intermetallics. At the end we have discussed * Graduate Student, Osaka University about the effect of elastic interaction during the growth stage and also the influence of the magnetocrystalline anisotropy on the early stage of ordering.
Experimental Procedure
The Fe-55 at%Pd alloy used in the study was prepared from high purity elemental starting materials (Fe 99.99 mass% and Pd 99.98 mass% purity) using arc melting. A single crystalline rod of Fe-55 at%Pd was grown by a floating zone method at a growth rate of 3.5 mm/h under a purified argon gas flow of 1 l/min. Homogenization of the single crystalline rod was carried out in an evacuated quartz tube at 1273 K for 168 h followed by quenching into iced-water. The composition of Pd was evaluated to be 54.93 at% by an inductively coupled plasma analysis. Crystallographic orientation was determined using the Laue back reflection X-ray technique. Some specimens with all surfaces parallel to f001g planes were cut out by a spark erosion instrument for electrical resistivity measurement and ordering heattreatment. The size of the specimen is 10.5 mm Â 1.6 mm Â 0.8 mm for electrical resistivity measurement, and 1.6 mm Â 1.6 mm Â 1.6 mm for ordering heat-treatment. In this paper, we call the three edge directions of cube specimens as X-, Y-, Z-directions. After cutting, the specimens were subjected to a heat-treatment at 1173 K for 1 h followed by iced-water quenching to obtain the disordered state.
Electrical resistivity was measured by a direct current four-probe method. Platinum lead wires with a diameter of 0.1 mm and an R-type thermocouple were spot welded on the surface of the specimen. Constant current of 100 mA was passed through the specimen and the resulting voltage drop between the two inner probes was measured using a nanovoltmeter.
Magnetization of the cube specimens was measured by using a Superconducting Quantum Interference Device (SQUID) magnetometer. Magnetization curve was measured along h001i directions (X, Y, and Z) of the cube specimens at 300 K up to magnetic field of 7 T. In this paper, we term the variant whose c-axis (easy axis) lies in the X-, Y-, and Zdirections as X-, Y-, Z-variants. In addition we define the fraction of X-, Y-, Z-variants as f x , f y , and f z , respectively.
We have made a successive two-step ordering heattreatment: the first step of ordering under a magnetic field applied in the ½001 (Z-direction) of the disordered cube specimen, it is followed by the second step of ordering at a higher temperature under no magnetic field to complete the disorder-order transformation. The first step of ordering is made in vacuum at the center of a superconducting magnet, where the field gradient and temperature gradient are negligible. The detailed heat-treatment is described later. Temperatures and periods of the two-step ordering heattreatment were determined considering the result of electrical resistivity measurement. Figure 1 shows electrical resistivity curve of the disordered specimen measured from room temperature with a heating rate of 100 K/min. The heating rate of 100 K/min is selected to suppress the ordering in the heating process. At the temperature indicated by a vertical arrow, the slope of the resistivity curve changes significantly. This change in slope is due to the magnetic transition, and the Curie temperature of the disordered phase T c (d) is estimated to be about 740 K which is the minimum of d 2 =dT 2 . In order to evaluate the Curie temperature of the ordered phase, the disordered specimen was heat-treated at 773 K for 24 h (which is described later) to obtain a highly ordered state. Then, resistivity has been measured in the heating process from room temperature up to 1200 K with a constant heating rate of 1 K/min which is shown by a solid curve in Fig. 2 . The slope of the heating curve changes at about 670 K which is the Curie temperature of the ordered phase, T c (o) . On further heating, the resistivity increases gradually and then decreases sharply due to the transformation from the ordered phase to the disordered phase. The order-disorder transformation temperature, T (o-d) is obtained to be about 1025 K. After the order-disorder transformation, the specimen is in the disordered state and further heating increases the value of resistivity up to 1200 K. Similar to the heating process, the resistivity has been measured in the cooling process from Effect of Magnetic Field on Microstructure Evolution during Disorder-Order Transformation in an Fe-Pd Alloy1200 K to room temperature with a constant cooling rate of 1 K/min shown by a dashed curve in Fig. 2 . At temperatures around 955 K,
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there is a change in slope of the cooling curve which corresponds to initiation of the disorder-order transformation. At temperatures around 670 K, there is another change in slope of the cooling curve due to the Curie temperature of the ordered phase, being the same temperature as that obtained from the heating curve.
Considering the result of the resistivity measurements, we have determined the ordering temperatures of the two-step ordering heat-treatment as follows: the first step of ordering at 673 K (close to T c (o) and slightly below T c (d) ) under a magnetic field up to 10 T (maximum field-strength of the utilized superconducting magnet) applied in the ½001 (Zdirection). Since the progress of ordering at 673 K takes a long time, the second step of ordering is made at a higher temperature of 773 K to complete the disorder-order transformation. This temperature is close to the nose temperature in the TTT diagram of an Fe-50 at%Pd alloy reported by Gushchin et al. 17) The ordering period of the first step, corresponding to the early stage of ordering, is selected to be 1 h. To determine the ordering period of the second step, resistivity has been measured through isothermal annealing at 773 K, which is shown in Fig. 3 . We notice from the figure that there is not a significant change in the resistivity curve after about 500 min, indicating that the ordering progress is almost completed. Therefore, the ordering period of the second step is selected to be 24 h. The two-step ordering heat-treatment diagram thus determined is shown schematically in Fig. 4 .
The disordered state of the specimen is an initial state to perform the two-step ordering heat-treatment as shown in Fig. 4 . In order to obtain the disordered state, the cube specimen of Fe-55 at%Pd was heat-treated at 1173 K (about 148 K above the order-disorder transformation temperature) for 1 h followed by iced-water quenching. Magnetization curve has been measured in the X-, Y-, and Z-directions to confirm if the quenching is fast enough to suppress ordering in the present specimen. The result is shown in Fig. 5 . Magnetization curves measured in the three directions saturate in a very low field compared with the anisotropy field of the ordered phase, which is about 4 T as described later. From this characteristic, it is most likely that a disordered state is obtained in the present specimens by quenching from 1173 K. The spontaneous magnetization of the disordered specimen at 300 K is evaluated to be about 2.95 m B f.u. À1 . Figure 6 (a) shows magnetization curves after the first step of ordering at 673 K for 1 h under magnetic field of 10 T. As known from the figure, the Z-direction is slightly easy to magnetize compared with the X-and Y-directions. This means that the ordering proceeds slightly by this heattreatment and the fraction of the variant whose easy axis lies in the applied field direction ( f z ) is larger than the fraction of the other two variants ( f x , f y ). Magnetization curves at room temperature after the second step of ordering at 773 K for 24 h without magnetic field is shown in Fig. 6(b) , where the Z-direction is known to be the easy axis, and X-, Y-directions are the hard axes. This means that a single variant of Fe-55 at%Pd is obtained and the fraction of the Z-variant ( f z ) is 100%. The spontaneous magnetization of single variant at 300 K is evaluated to be about 3.01 m B f.u. À1 being in good agreement with the value reported by Shima et al. 18) for the single variant of Fe-55 at%Pd obtained by a heat-treatment under uniaxial compressive stress.
We have also investigated the effect of magnetic fieldstrength on the selected formation of preferable variant. That is, the first step of ordering has been carried out under some magnetic field-strengths from 2 to 5 T. The ordering temperatures and periods are the same as mentioned before. Figure 7(a), (c) , and (e) shows typical magnetization curves when the magnetic field applied in the first step is 3, 4, and 5 T, respectively. The difference is not observed among (a), (c), and (e). However, magnetization curves after the second step of ordering indicate that the fraction of the Z-variant increases from 67% ( Fig. 7(b) ) under 3 T to 100% (Fig. 7(d) and (f)) under 4 and 5 T, respectively.
Then, we have plotted the fraction of the Z-variant ( f z ) thus obtained after the second step of ordering as a function of magnetic field applied in the first step, which is shown in Fig. 8 . The figure clearly shows that f z increases monotonically with increasing magnetic field and reaches 100% at 4 T and higher.
In order to assure that the selective formation of preferable variant is caused by the application of magnetic field, we have made the same two-step heat-treatment without applying magnetic field in the first step. Magnetization curves at room temperature measured in the X-, Y-, and Z-directions after the first step are shown in Fig. 9 (a). We cannot detect significant difference among the three magnetization curves. Magnetization curves after the second step are shown in Fig. 9(b) . Also, there is no significant difference among the magnetization curves in the X-, Y-, and Z-directions. This result means that the three variants form nearly equivalently if the first step of ordering is made in the absence of magnetic field. Consequently, we conclude that the selective formation of preferable variant shown in Fig. 6(b) is caused by magnetic field applied in the early stage of ordering heattreatment as in Co-50 at%Pt previously studied. Incidentally, the above results show that the later growth of the preferable variant occurs spontaneously under no magnetic field after the fraction of the preferable variant reaches some specific amount during the early stage of ordering under a magnetic field. The spontaneous growth may be caused by elastic interaction among the variants such as dipole-dipole interaction in strain. The propriety of such interaction should be confirmed, for example, by the phase field method and is now undergoing.
Another interesting result obtained in the present study is the difference in magnetic field to realize the formation of single variant between Fe-55 at%Pd and Co-50 at%Pt previously studied. The value of such field is 4 T for Fe-55 at%Pd and 0.5 T for Co-50 at%Pt. This difference is probably due to the difference in temperature dependence of the magnetocrystalline anisotropy constant. Thus, we must measure its dependence for both alloys, being a future subject.
Conclusions
Effect of magnetic field on selective formation of preferable variant during disorder-order transformation in Fe-55 at%Pd has been investigated by using single crystals of the disordered phase. A two-step ordering heat-treatment has been made to clarify the effect of magnetic field. Single variant of Fe-55 at%Pd alloy is realized by the two-step ordering heat-treatment under magnetic field of 4 T and higher. Magnetic field is applied only in the first step of ordering, while the second step is made without magnetic field. This result suggests that magnetic field is especially effective at the early stage of ordering for the selective formation of preferable variant and the growth of the preferable variant during the second step of ordering occurs spontaneously being probably due to elastic interaction among the variants. 
